Purpose: To compare choroidal thickness (CT) between patients with systemic lupus erythematosus (SLE) without ophthalmologic manifestations and a control group. To study the effects in CT of disease duration, activity index, medication and systemic comorbidities. Methods: Cross-sectional study where spectral-domain optical coherence tomography with enhanced depth imaging was used to measure CT in 13 locations, subfoveally and at 500-µm intervals along a horizontal and a vertical section from the fovea. Linear regression models were used. Results: Sixty-eight SLE patients and fifty healthy controls were enrolled. CT multivariable analysis revealed lower values in SLE patients (12.93-26.73 µm thinner) in all locations, except the inferior quadrants (6.48-10.44 µm thicker); however, none of these results reached statistical significance. Contrary to the control group, the normal topographic variation in CT between macular quadrants and from the center to the periphery was not observed in the SLE group. Multivariable analysis in the SLE group alone revealed a significant negative association with anticoagulants (50.10-56.09 µm thinner) and lupus nephritis (40.79-58.63 µm thinner). Contrary to controls, the CT of SLE patients did not respond to changes in mean arterial pressure. Conclusion: CT in SLE appears to be thinner, particularly in the subset of patients with nephritis and taking anticoagulants, suggesting more advanced systemic vascular disease. Choroidal responses to hemodynamic changes may also be altered in SLE.
Introduction
Systemic lupus erythematosus (SLE) is a chronic, autoimmune, connective tissue disease that can involve multiple organ systems. Similar to other autoimmune disorders, it can affect the vascular system in multiple territories either directly by inducing vasculitis and an increased atherosclerotic or thrombotic burden or indirectly by interfering with normal vasoregulatory mechanisms. [1] [2] [3] [4] Up to onethird of SLE patients present ocular manifestations, which may precede extraocular systemic disease. 5 In the eye, SLE can affect almost any structure, including the vascular supply of the retina, the choroid and the optic nerve head. 6 Lupus choroidopathy is rare and can present with serous retinal detachment, retinal pigment epithelium detachment, retinal pigment epitheliopathy, choroidal ischemia or effusion. 5 When present, lupus choroidopathy is usually a marker of high disease activity and often associated with the central nervous system and renal disease. 7 On the other hand, subtle and subclinical changes in choroidal circulation have been described in patients with lupus nephritis. 8 These facts raise the hypothesis that choroidal vascular bed may be affected early in the course of the disease, possibly reflecting existing microvasculopathy in other organ systems.
Spectral domain optical coherence tomography (SD-OCT) with enhanced depth imaging (EDI) software is a noninvasive imaging modality that provides high-resolution three-dimensional images of the retina and choroid. 9 In recent years, this technique enabled us to characterize the morphology and thickness of the choroid in several ocular and systemic pathologies. [10] [11] [12] However, only a very limited number of publications have evaluated the choroid in SLE patients using EDI SD-OCT. [13] [14] [15] [16] These studies had heterogeneous samples and presented contradictory results.
In this study, we compared choroidal thickness (CT) using SD-OCT between SLE patients without ophthalmologic manifestations and a control group in whom systemic autoimmune diseases were excluded. We also studied the relationship between CT and, among others, disease duration, disease activity score, hydroxychloroquine intake and cumulative dosage, systemic medications and systemic comorbidities frequently present in SLE patients, namely, lupus nephritis, neuropsychiatric SLE (NP-SLE), Sjogren's syndrome and anti-phospholipid syndrome.
Materials and methods

Subject groups
This was a cross-sectional study nested in a prospective cohort study that is still ongoing. The study was conducted at the Ophthalmology Department and at the Autoimmune Disease Unit of the Central Lisbon Hospital and University Center. The study occurred between July 2017 and August 2018. Consecutive SLE patients sent by the Autoimmune Disease Unit for ophthalmological screening were observed for inclusion/exclusion criteria. Patients fulfilled the 1997 revised American College of Rheumatology (ACR) criteria for the diagnosis of SLE 17 and were aged between 18 and 80 years old. Only those without signs of optic neuropathy, retinopathy or choroidopathy were included in the study.
The control group, in whom rheumatologic diseases were excluded, was recruited from the General Ophthalmology Department.
The exclusion criteria were a refractive error >5 diopters or/and axial length >25 mm in the studied eye, keratic astigmatism >3 diopters, diabetes mellitus, pregnancy, signs or previous history of optic neuropathy, retinopathy or choroidopathy (namely, lupus-related, age-related macular degeneration, vascular occlusion, macular dystrophy, hydroxychloroquine retinopathy, glaucoma, ocular hypertension or neurodegenerative diseases, such as Alzheimer's or Parkinson's disease), ocular tumor, previous episodes of intraocular inflammation, history of intraocular or refractive surgery and significant media opacities that precluded fundus imaging.
The Institutional Ethics Committee approved the study, and written informed consent was obtained from all participants. The tenets of the Declaration of Helsinki were respected.
Study procedures
All patients underwent a prescreening visit where demographic, background medical history, full ophthalmological examination with visual acuity, anterior segment examination, Goldmann applanation tonometry, dilated fundus examination and optic biometry (using Lenstar LS 900 ® , Haag-Streit AG, Koeniz, Switzerland) were recorded. After this visit, patients were assigned to a specific study visit where SD-OCT was performed. Blood pressure (BP) was also measured before SD-OCT. SLE patients currently or previously treated with hydroxychloroquine also underwent fundus autofluorescence imaging and 10-2 macular automated threshold visual field testing to exclude retinal toxicity according to the American Academy of Ophthalmology recommendations. 18 An evaluation by an autoimmune disease specialist was also performed in all SLE patients, including a complete physical examination and laboratory tests required to access disease activity state and systemic involvement. Disease activity was scored using the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI). 19 One eye per patient was randomly selected for the study.
Visual acuity
Best corrected distance visual acuity (BCVA) was evaluated for each eye using Snellen charts. The value was then converted to the logarithm of the minimum angle of resolution (LogMAR).
Intraocular pressure
Before pupillary dilation, intraocular pressure was measured using Goldmann applanation tonometry, and a mean of 3 measurements was recorded.
Mean arterial pressure
The BP was measured using an automatic sphygmomanometer in the left arm in the seated position. Systolic (SBP) and diastolic (DBP) blood pressures were recorded, and the mean arterial pressure (MAP) was calculated according to the following formula:
Imaging
All patients were examined with SD-OCT (Spectralis ® Heidelberg Engineering, Heidelberg, Germany). Scans were performed in the EDI mode using a previously described method. 9 Twenty-five sections, each comprising 100 averaged scans, were obtained in a 20×20⁰ (5.8 mm×5.8 mm) square centered on the fovea. All OCT examinations were performed by an ophthalmologist (J.T.F.) and were assessed by another ophthalmologist (A.D.S.); both were masked to the patients' diagnosis. All scans were performed between 2 PM and 4 PM. CT was measured perpendicularly from the outer border of the hyperreflective line corresponding to the retinal pigment epithelium (RPE) to the inner scleral border. These measurements were taken at the subfoveal choroid and at 500-µm intervals from the fovea to 1500 µm temporal, 1500 µm nasal, 1500 µm superior and 1500 µm inferior (13 locations) ( Figure 1 ).
Statistical evaluation
First, an exploratory analysis was performed for all variables. Categorical variables were presented as frequencies (percentages), and continuous variables were presented as the mean (standard deviation [SD]) or median and interquartile range (25th percentile-75th percentile). Nonparametric Chi-Square test and Mann-Whitney test were used. To study progressive CT decrease from the center to the periphery, Friedman test was applied. Linear regression models were used to identify the variables that explain the variability of CT in the SLE and control groups. The variables gender, age, BMI, IOP, axial length, spherical equivalent, MAP, BCVA, and pharmacological variables were considered for these analyses.
A second study for the SLE group alone was performed also using linear regression models and scatterplots with locally weighted scatterplot smoothers. Disease duration, disease activity score, hydroxychloroquine intake and cumulative dosage, systemic medications, and other comorbidities frequently present in these patients were added to this analysis. Those variables attaining a p-value <0.25 in the univariable analyses were selected as candidates for the multivariable models. Normality assumption of the residuals was verified using Shapiro-Wilk test. Given the multiple testing inherent to this study, Bonferroni corrections were applied. A level of significance α=0.05 was considered. 
Results
Patient demographics and clinical characteristics
A total of 68 eyes of 68 SLE patients (58 women and 10 men) and 50 eyes of 50 healthy controls (43 women and 7 men) were enrolled in this study. The median duration of SLE diagnosis was 11.0 (6.25-19.00) years, and 26 patients (38.8%) had active disease (SLEDAI >3) at the time of the study visit. Among SLE patients, 19 (27.9%) had NP-SLE, including 16 with the central type and 3 with the peripheral type; 18 (26.5%) had biopsy-proven lupus nephritis; 21 (30.9%) had anti-phospholipid syndrome; and 5 patients (7.4%) had Sjogren's syndrome. Demographic and clinical characterization of the two groups is summarized in Table 1 . Pharmacological history of patients and controls, except for hydroxychloroquine (HCQ), is presented in Table 2 . Figure 1 Choroidal thickness measurements were made in the subfoveal choroid and at 500-µm intervals from the fovea to 1500 µm temporal, 1500 µm nasal, 1500 µm superior and 1500 µm inferior (13 locations).
Enhanced depth imaging optical coherence tomography
Comparison of CT between groups in all 13 study locations is depicted in Table 3 . CT is generally higher in the control group except in the inferior quadrants, particularly at 1000 and 1500 µm inferior to the fovea. However, these differences did not reach statistical significance. The overall distribution of CT in the four quadrants showed different patterns between groups. The choroid in the superior quadrants is thicker than the inferior choroid in the control group. In the SLE group, this relationship is reversed. Regarding the temporal-nasal relationship, both groups presented a thicker choroid in the temporal quadrants. In addition, a normal progressive decrease in CT from the center to the periphery was observed in the horizontal meridian for both groups (p<0.05). However, regarding the vertical meridian, this progressive decrease was not observed in the SLE group (p>0.05).
In multivariable regression models, after correcting for gender, age, BMI, MAP, BCVA, IOP, spherical equivalent, axial length and medication, CT in SLE patients was lower in all locations, except for the inferior quadrants (1000 µm and 1500 µm inferior to the fovea) where it was higher (Table 4 ). However, evidence of a difference was exclusively found in the temporal 1500-µm location (regression coefficient estimate: −26.73; 95% confidence interval: −53.40 to −0.05; p=0.050); however, after applying Bonferroni adjustment for multiple testing, the result was A multivariable regression analysis was also performed for the SLE group alone ( Table 5 ). Age and axial length maintained a negative association with CT for all locations. Anticoagulants presented a negative association with CT in the subfoveal and 500 µm inferior to the fovea locations (CT was 50.10 and 56.09 µm thinner, respectively, in patients taking anticoagulants). Sjogren's syndrome was associated with a thicker choroid in the 1000 µm superior location (CT was 73.07 µm thicker). Corticotherapy showed a negative association with CT at 1500 µm temporal from the fovea (with a 2.43 µm decrease in CT for each one mg increase of prednisone equivalent). Diuretics also presented a negative association with CT at 1000 µm superior to the fovea (in patients taking diuretics CT was 85.44 µm thinner). Finally, lupus nephritis revealed a negative association with CT at 500 µm, 1000 µm and 1500 µm nasal, 500 µm, 1000 µm Figure 2 ). Regarding MAP, there is a different CT response between groups. In the control group, there is a reduction of CT with increasing MAP in all locations, showing stabilization for higher MAP-values (greater than 100 mmHg), while CT does not change throughout the whole range of MAP in SLE (eg, see Figure 3 for location 500 µm nasal).
Discussion
The choroid is the tissue with the highest blood flow per unit of weight and plays a key role in the nutrition and homeostasis of the outer layers of the retina. 20 On the other hand, it may be a target and reflect the microvasculature damage of systemic vascular pathologies. For example, systemic arterial hypertension has been associated with choroidal thinning, 21 while diabetes mellitus induces choroidal thickening in an early phase before the development of diabetic retinopathy. 22 Coronary heart disease is also associated with a decrease in CT independently of diabetes mellitus or systemic hypertension. 23 In this study, we compared the CT of SLE patients without ophthalmological manifestations with a healthy control group. We observed an overall decrease in the CT of SLE patients in the central subfoveal choroid and the nasal, temporal and superior quadrants. In the inferior quadrants, SLE patients presented a thicker choroid. However, these differences did not reach statistical significance. Moreover, the normal pattern of CT was observed in the control group with a thicker superior quadrant than the inferior and a thicker temporal quadrant than the nasal. 24, 25 In the SLE group, the temporal-nasal relationship was preserved, but the superior-inferior relationship was reversed. In addition, normal progressive decrease of CT from the center to the periphery 25 was preserved in the horizontal meridian but lost in the vertical meridian in the SLE group, suggesting a flatter and less reactive choroid.
Previous studies on the CT of SLE presented conflicting results. Altinkaynak et al reported a series of SLE with a statistically significant decrease in CT. 13 However, this study only included patients in the "inactive" state and only measured the choroid in 3 locations: subfoveally, 1500 µm nasally and 1500 µm temporally from the foveal center. Given the irregularity of the chorioscleral border, measuring CT in more locations significantly increases the consistency of the results. Additionally, systemic factors, such as medication, the presence of lupus nephritis, NP-SLE, anti-phospholipid syndrome or other systemic comorbidities, were not included in the analysis. Ferreira et al published a series of SLE patients who had thicker choroids than healthy controls. 14 However, this was a retrospective study performed in patients who performed SD-OCT in the context of a HCQ screening program. Therefore, disease activity status, blood pressure at the time of the examination and SLE-related systemic comorbidities were not included in the analysis. In addition, CT was only measured in the horizontal foveal meridian. Agin et al in a study on juvenile SLE and Braga et al in a study on adult SLE patients described an increase in CT compared to healthy controls. However, none of these studies included multivariable analysis, and the effects of ocular and systemic variables known to influence CT, namely, axial length, spherical equivalent, IOP, blood pressure, BMI or systemic medication, were not taken into consideration in their analysis. 15, 16 In our study, we included 68 eyes of 68 SLE patients, and only one eye per patient was randomly selected for the study. All patients underwent a complete ophthalmologic evaluation previous to the exam as well as an appointment with an autoimmune disease specialist to assess disease activity and systemic comorbidities. In the multivariable analysis, after correcting for gender, age, BMI, MAP, BCVA, IOP, spherical equivalent, axial length and medication, CT comparison between SLE and controls showed that CT was lower in the SLE group for all locations, except in the inferior 1000 and 1500 µm locations. CT was also negatively associated with age and axial length independently from the group, which is consistent with the literature. [26] [27] [28] [29] In some locations, there was a negative association between MAP and CT, which is consistent with previous studies. 30, 31 A higher BMI was also associated with a reduction in CT in some of the locations, and this relation was previously reported. 32, 33 In the multivariable regression analysis for the SLE group alone, in addition to age and axial length, anticoagulants presented a negative association with CT in some locations. This association may represent a subset of SLE patients in whom the ischemic and atrophic process of the choroidal vasculature is more advanced. The subgroup of SLE patients with Sjogren's syndrome presented a thicker choroid in the 1000 µm superior location. This finding was not described previously; however, it should be interpreted with caution since only five patients in our sample had the diagnosis of secondary Sjogren's syndrome. Unlike Altinkaynak et al, we did not find a significant relation between choroidal thickness and disease duration. 13 However, when we analyze the scatter plot for disease duration, there seems to be a tendency for CT reduction after 20 years of disease. Finally, biopsyproven lupus nephritis revealed a significant negative association with CT in some of the locations. Subtle changes in choroidal circulation in SLE patients with nephropathy and no other signs of ophthalmic involvement was previously demonstrated with indocyanine green angiography. 8, 34 However, to our knowledge, this is the first study to demonstrate a reduction of CT with SD-OCT in patients with lupus nephritis. This interesting finding is of utmost importance as it may reflect the burden of systemic microvascular damage, particularly at the renal vasculature. The relation between the duration or cumulative dosage of HCQ and CT has provided inconsistent results in previous publications. 14, 35 In our study, we did not observe a significant association between HCQ treatment duration or cumulative dosage and CT.
Histopathology studies of the choroid in SLE patients have demonstrated mononuclear inflammatory cells within the choroid, reflecting choroidal vasculitis as well as immunoglobulin and complement deposition in the choroidal vasculature. 6, 36 Consequently, choroidal blood supply is compromised, leading to choroidal thinning. Chronic ischemia induces long-term atrophy of choroidal stromal, which also leads to choroidal thinning. 37 These physiopathologic events may justify the decrease in CT of SLE patients and the loss of the normal topographic CT distribution observed in our study. This decrease in CT was more obvious in patients taking anticoagulants and patients with biopsy-proven lupus nephritis. In these subsets of patients, the prothrombotic and inflammatory state of repeated flares and long-term disease results in a prolonged insult to choroidal vasculature that ultimately leads to choroidal atrophy. As a matter of fact, patients with lupus nephritis present a significantly increased risk of carotid atherosclerotic plaques, myocardial infarction and cardiovascular disease mortality than nonnephritis SLE patients and healthy controls. 38, 39 The results of this study also point to a defective vascular autoregulation in the choroid of SLE patients. Choroidal blood flow (BF) is a function of perfusion pressure (PP) and vascular radius (r): BF = PP/r. PP subsequently depends on arterial blood pressure and IOP. 40 The main resistance to choroidal BF is located in choroidal arterioles. As stated before, choroidal BF is higher than that noted in most tissues with estimates ranging from 500 to 2000 ml/min/100 g tissue. 41, 42 Several studies suggest the existence of autoregulation in choroidal BF, which offsets fluctuations in blood pressure and IOP. [43] [44] [45] Some of the proposed vasoregulatory mechanisms include nitric oxide, endothelins, prostaglandins and the autonomic nervous system. [46] [47] [48] [49] [50] In our study, CT decreased with increasing MAP in healthy controls. On the other hand, CT in SLE patients remained unchanged throughout the entire range of MAP in the 13 studied locations. This behavior is probably related to defective mechanisms of blood flow regulation in response to changes in ocular perfusion pressure. In fact, autonomic dysfunction has been largely demonstrated in SLE patients, even in patients without manifest peripheral neuropathy, and there seems to be no relationship with disease duration, disease activity or disease damage. 51 Moreover, a high rate of endothelial dysfunction and vascular stiffness has been reported in patients with early SLE, even without cardiovascular risk factors and disease. 52 Our study has some limitations. First, CT measurements were manually obtained. Nevertheless, this manual technique has proven to have high intraobserver and interobserver reproducibility. 53 Second, hydration status, which may affect the CT, was not taken into account. To minimize this issue, we managed to decrease any circadian variability by performing all measurements at the same time of the day and in the same environment.
Conclusion
In summary, this study using SD-OCT to evaluate the choroid in SLE has the largest sample in the literature and was the first to evaluate the effect of systemic comorbidities in the CT of SLE patients. We documented a generalized thinning of the choroid in SLE patients, except in the inferior quadrants. This pattern is associated with a loss of normal CT topographic distribution in these patients. Moreover, a significant decrease in CT was observed in SLE patients taking anticoagulants and those with lupus nephritis. A different response of CT to variations in MAP was also observed in SLE patients compared to healthy controls. These results probably reflect existing atrophy of choroidal tissue as well as defective vascular autoregulatory mechanisms. These findings may contribute to a better understanding of the pathogenesis of SLE choroidopathy and its associations with systemic vasculopathy. Further studies, with a longitudinal design and Doppler blood flow analysis may contribute to a better understanding of our findings and the alterations occurring in the choroid as the disease progresses.
